Two small viral proteins (DGBp1 and DGBp2) have been proposed to act in a 2 concerted manner to aid intra-and intercellular trafficking of carmoviruses though the 3 distribution of functions and mode of action of each protein partner are not yet clear. 4
Introduction 1
To establish a productive infection, plant viruses need to move from their replication 2 sites to and through plasmodesmata (PD), which are wall spanning co-axial 3 membranous organelles that bridge the cytoplasm of contiguous cells (Benítez- fully infectious in C. quinoa (data not shown) denoting that the results observed through 8 alteration of critical residues of the leucine zipper motif were sequence-specific and not 9 a side effect of the mutagenesis. In order to eliminate the possibility that the nucleotide 10 substitutions engineered in constructs LZM1 to LZM6 disrupted cis-acting elements 11 essential for replication, these constructs were transfected in C. quinoa protoplasts. 12
Northern blot analysis revealed that all assayed mutants accumulated to levels 13 equivalent to those of the wt RNA (Fig. 2B, lower panel) , indicating that their 14 incapacity to establish effective infections in plants was due to a defect in movement 15 rather than to a blockage in viral replication. Overall, the data support the conclusion 16 that the leucine zipper-like motif is critical for the movement function of p12. 17
p12 mainly localizes to the ER and is recovered in membranous fractions 18
As indicated above, computer analysis of p12 sequence predicted that it is a 19 membrane protein with two TMs that roughly span from residues 25 to 50 and 60 to 82, 20 respectively ( Fig. 2A) . To investigate potential association of p12 to cellular 21 membranes, this PFBV product was fused to the green fluorescent protein (GFP) and 22 transiently expressed in Nicotiana benthamiana leaves via agroinfiltration. Whereas 23 expression of free GFP gave the typical diffuse green fluorescence evenly distributed 24 through the cytoplasm and the nucleus, fluorescence derived from the fusion p12GFP 1 labelled an intracellular reticulate network likely corresponding to the ER (Fig. 3, panels  2 A and B). To confirm this issue, p12 was fused to the monomeric red fluorescent 3 protein (mRFP) and delivered by agroinfiltration into transgenic 16c N. benthamiana 4 plants expressing ER-targeted GFP (GFP-KDEL, Ruiz et al., 1998). A perfect match 5 among the p12mRFP and GFP-KDEL fluorescent signals was observed thus 6 corroborating that p12 localizes mainly to the ER (Fig. 3, panels D to F) . Nevertheless, 7
sorting of the protein to other cellular membranes cannot be excluded since the green 8 fluorescence of the p12GFP fusion was occasionally observed in punctuate structures at 9 the cytoplasm and close to the plasma membrane (Fig. 3 , panel C and data not shown). 10
Interestingly, the pattern of cytoplasmic punctuate structures strongly resembled the 11 motile bodies formed by MNSV p7b at the Golgi stacks (Genovés et al., 2010) . 12 Consistent with these general observations, subcellular fractionation and Western blot 13 analysis of proteins extracted from GFP-and p12GFP-expressing plant tissue revealed 14 the presence of the fused product in the pellet fraction (P30) following centrifugation at 15 30.000 x g, in contrast to the unfused GFP that, as expected, was recovered in the 16 supernatant (S30) (Fig. 3G) biochemical studies. In order to improve protein solubility, Arg and Glu were added at 6 50 mM to the storage buffer which had a positive effect in preventing protein 7 aggregation and precipitation and increased the long-term stability of the sample, in line 8 with that described for diverse proteins (Golovanov et al., 2004) . Electrophoretic 9 mobility shift assays (EMSAs) were performed with increasing quantities of the 10 recombinant protein and a 32 P-labeled ssRNA probe (5´-PFBV) encompassing the 5´-11
terminal 140 nt of PFBV genome. RNA mobility shift, suggesting the presence of an 12 RNA protein-interaction, became detectable when the His-tagged p12 was added at a 13 concentration of 0.21 μM to the reaction mixture. Complete retardation of the probe was 14 observed at 13.10 μM and at higher concentrations, as measured by disappearance of 15 unbound RNA (Fig. 4A) . Treatment of the preparation of purified p12 with proteinase K 16 before adding the RNA probe prevented formation of the retarded band confirming that 17 the shift resulted from the interaction of the RNA with the protein (data not shown). 18
Furthermore, when the His-tagged p12 was replaced by bovine serum albumin (BSA) in 19 control gel shift assays, no retardation of the probe was observed indicating that the 20 association between p12 and the ssRNA was not an artefact of the specific experimental 21 conditions employed (Fig. 4A, lane 10) . Non-linear regression of the binding data ( worth mentioning in this context that attempts to further concentrate our protein 8 preparation without affecting stability were unsuccessful, which precluded more 9 detailed characterization of the binding kinetics. 10
To investigate how the RNA-binding ability of p12 was dependent on electrostatic 11 interactions, EMSAs were performed using increasing NaCl concentrations in the 12 incubation mixtures. An amount of protein that was sufficient to bind all RNA 13 molecules was employed (40.0 μM) and, thus, the appearance of free RNA was 14 quantified to evaluate complex dissociation ( Competition experiments were performed to examine the binding selectivity of p12. 23
For this purpose, unlabeled nucleic acids corresponding to either ssRNA, double-24 stranded (ds) RNA, ssDNA or dsDNA molecules were added to the binding mixtures at 1 1-, 10-and 100-fold molar excess over the radiolabeled probe. In the case of ssRNA, 2 two distinct competitors were used, one derived from the 3´-terminal region of the 3 PFBV genome (3´PFBV-ssRNA) and the other from a heterologous source (het-4 ssRNA). Fixed amounts of His-tagged p12 (32.75 μM) and 32 P-labeled 5-PFBV probe 5 (97.0 pM), that resulted in more than 99 % of the ssRNA bound to the protein, were 6 used in the binding reactions. EMSAs revealed that dsRNA and dsDNA were poor 7 competitors because a major fraction of the probe remained bound to p12 even at a 100 8 molar excess (Fig. 5 ). At the same molar excess, the ssDNA behaved as moderately 9 good competitor as the binding of p12 to the probe was significantly affected (Fig. 5) . 10
However, ssRNAs were undoubtedly the best competitors irrespectively of their origin, 11 as they completely prevented formation of the p12:probe complex when added at the 12 greatest concentration (Fig. 5) . Overall, the data indicated that p12 is a single-stranded 13 nucleic acid-binding protein with the highest preference toward any ssRNA. 14
p12 RNA binding is attributable to its basic N-terminal domain 15
In order to map the region of p12 responsible of its binding activity, the N-or C-16 terminal region of the molecule was removed to create two truncated forms of the 17 protein, p12(26-106) and p12(1-59). In addition, several mutated versions of p12(1-59) 18
were generated by consecutively replacing Arg residues of the N-terminal region by 19
Ala. The mutants were designated as p12(1-59)m2R (carrying substitutions Arg16Ala 20 and Arg17Ala), p12(1-59)m3R (carrying substitutions Arg16Ala, Arg17Ala and 21 Arg19Ala) and p12(1-59)m4R (carrying substitutions Arg16Ala, Arg17Ala, Arg19Ala 22 and Arg24Ala) (Fig. 6A ). All p12 derivatives were expressed in E. coli as His-tagged 23 fusions, purified by chromatography on Ni-NTA columns and subjected to 24
Northwestern assay to evaluate RNA-binding capability. To this aim, equivalent 1 amounts of the purified proteins were separated, together with the wt p12, by SDS-2 PAGE and subsequently transferred to a nitrocellulose membrane. After a renaturation 3 step, the membrane was incubated with 32 P-labeled 5´-PFBV ssRNA probe. A signal 4 was detected in the position corresponding to the full-length protein (Fig. 6B) which 5 was in accordance with the EMSA results and ruled out the possibility that any 6 contaminating protein(s) from E. coli could account for the observed RNA binding 7 activity. Remarkably, a similar, or even stronger, signal was noticed in the position of 8 p12(1-59) whereas no signal was present in the portion of the membrane that contained 9 p12(26-106). These results strongly suggested that the RNA binding properties of p12 deviates to some extent from the classical structure (Fig. 2) suggesting that this p12 activity is not marginal or secondary but relevant during the 11 infectious process. 12
To conclude, we have proven the requirement of the leucine zipper-like motif and of 13 the N-terminal extension of PFBV p12 for effective viral infection. We do not know at 14 this stage which particular conditions have driven the evolution of such specific traits. 15 We can speculate that the answer to this issue is related with the adaptation of the virus 16 to its narrow host range as PFBV is restricted to Pelargonium spp. in nature. Solanum tuberosum proteinase inhibitor II gene (PoPit) and cloned into the binaryvector pMOG800 (Knoester et al., 1998) to yield constructs pMOG-GFP, pMOG-1 p12GFP and pMOG-p12mRFP, respectively. 2 A similar approach was followed to obtain constructs for protein expression in E. 3 coli. Full-length and truncated forms of ORF p12 were PCR amplified and cloned into 4 the pET-23d(+) vector (Novagen) through its NcoI and HindIII restriction sites. The 5 resulting recombinant plasmids, named pET-p12, pET-p12(1-59) and pET-p12(26-106), 6 contained the corresponding version of the PFBV gene fused to a sequence coding for a 7 hexa-histidine tag. Three additional constructs, pET-p12(1-59)mut2R, pET-p12(1-8 59)mut3R and pET-p12(1-59)mut4R, identical to pET-p12(1-59) but with nucleotide 9 substitutions that led to the replacement of two, three and four arginine residues by 10 alanines, respectively, in the corresponding proteins were generated by PCR with the 11
Quick Change Site-Directed Mutagenesis kit (Stratagene). All constructs were routinely 12 sequenced with an ABI PRISM DNA sequencer 377 (Perkin-Elmer) to avoid unwanted 13 modifications. The primers used to generate the distinct plasmids are listed in Table 1 were finally eluted from the columns in a buffer containing 500 mM imidazole, 300 24 mM NaCl and 50mM NaH 2 PO 4 /Na 2 HPO 4 , pH 8.0. Purified preparations were dialysed 1 at 4 ºC for 24 h against PBS 1x (136 mM NaCl, 2.7 mM KCl, 3.2 mM Na 2 HPO 4 , 1. 
